Introduction
Methyl iodide (CH 3 I) is one main carrier of iodine from the ocean to the atmosphere (Lovelock et al., 1973) . Upon volatilization to the atmosphere it rapidly (within five days) transforms into reactive iodine species and impacts the tropospheric chemistry, such as the oxidative capacity and ozone depletion (e.g. Chameides and Davis, 1980; Solomon et al., 1994; Vogt et al., 1999) . In coastal regions macro-algae were identified as significant methyl iodide sources (e.g. Manley and Dastoor, 1988; Nightingale et al., 1995; Carpenter, 2003) , but they are not the major producers on the global scale due to their restricted distribution and small production rates (e.g. Giese et al., 1999; Wang et al., 2009) . In the open ocean, CH 3 I sources are unclear, and uncertainties remain with regard to origin of the source as well as production rates. Most studies suggested either a biological or a photochemical production pathway. Laboratory experiments in which filtered sea water was irradiated show photochemical production of CH 3 I in absence of living phytoplankton cells that could account for at least 50 % of observed CH 3 I emissions from the tropical Atlantic (Richter and Wallace, 2004) . In addition, there is direct evidence for the biological production pathway (e.g. Moore and Tokarczyk, 1993; Manley and De La Cuesta, 1997) ; in particular the picocyanobacteria Prochlorococcus produce CH 3 I (Brownell et al., 2010) . The CH 3 I production rates that have been independently derived for the same species by different research groups, however, are several orders of magnitude apart (Smythe-Wright et al., 2006; Brownell et al., 2010) . While it was unclear whether differences in experimental setups in these laboratory studies can explain the discrepancies, a recent work provides an alternative explanation. Apparently, the production of methyl iodide is related to the health of these unicellular organisms; enhanced production rates by an order of magnitude have been recorded under Published by Copernicus Publications on behalf of the European Geosciences Union.
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stress conditions (Hughes et al., 2011) . So far, oceanic CH 3 I production has been quantified only in few modelling studies. Based on a very limited data set, best agreement between observations and model results from a global atmospheric chemistry-transport model (Bell et al., 2002) has been obtained when considering only a photochemical source instead of biological production. However, it has been criticized that the simulated photochemical source is too strong and the parametrization possibly too crude to represent CH 3 I production (Moore, 2006) . Since then more data on CH 3 I in the environment have been collected and new insights in CH 3 I production published. The existing uncertainties show the need to readdress the origin of oceanic CH 3 I applying recent process understandings. Here, we present results from model experiments in which both the biological and photochemical production mechanisms are considered. We compare simulated concentrations of CH 3 I with observations in sea water in order to assess distribution and strength of natural CH 3 I sources in the ocean. A methyl iodide source and sink module is developed and coupled to a biogeochemical model as well as to the water column model GOTM. This model system is applied to simulate CH 3 I concentrations in the eastern tropical Atlantic. By comparing observed and simulated vertical profiles of methyl iodide, we aim at identifying possible sources and sinks. Additionally, we want to quantify the air-sea flux of CH 3 I and determine the sensitivity of this exchange process towards different parameterization for CH 3 I production.
Material and methods

Model description
The physical model used is the "General Ocean Turbulence Model" (GOTM, Umlauf et al., 2005) . GOTM is a one-dimensional water column model that mimics a number of hydrodynamic and thermodynamic processes related to vertical mixing in natural waters. It derives solutions for the one-dimensional versions of the transport equations of momentum, salt, and heat, and includes well-tested turbulence models. These models span the range from simple prescribed expressions for the turbulent diffusivities up to complex Reynolds-stress models with several differential transport equations to solve. We use a so-called two-equation model in which the turbulent kinetic energy (TKE) and the length scale of turbulence (l) are calculated from differential transport equations. They are described by a k-ε-type equation for TKE and a dynamic dissipation rate model for l (details in Umlauf et al., 2005) . In line with Hense and Quack (2009) a minimum value of 10 −5 m 2 s −2 for TKE is prescribed to parameterize the effects of double diffusion in the Cape Verde region.
Phytoplankton dynamics are simulated using a single column implementation of HAMOCC5.2 (Six and MaierReimer, 1996; Wetzel et al., 2006; Ilyina et al., 2013) . HAMOCC is a marine carbon cycle model that includes a NPZD-type ecosystem model. The latter resolves exchange processes between several compartments: phytoplankton, zooplankton, sinking particulate organic carbon, a semilabile dissolved organic carbon, and nutrients (iron, nitrate, and phosphate).
Methyl iodide modelling
The methyl iodide module considers several source and sink processes of CH 3 I and has been implemented into the biogeochemical module HAMOCC. The methyl iodide concentration (c [mmol m −3 ]) evolves over time following production (P ), degradation (S), air-sea exchange (F ), as well as turbulent vertical diffusion (A v -diffusion coefficient).
Two production mechanisms are implemented: photochemical production by radical recombination between methyl groups and iodine atoms (P photo ) and direct biological production by phytoplankton (P PP ). Photochemical production is parameterized using radiation (RAD) and a dissolved organic carbon concentration (DOC) (in kmol P m −3 as phosphorus is the model's internal "currency" of organic material. The model assumes a constant Redfield ratio of 1 : 106 for P : C in DOC). Here, (RAD) triggers the formation of methyl groups in the presence of organic matter and the production of iodine atoms from the photolysis of organic iodide. The photochemical production of methyl iodide concentration over time is then parameterized as follows:
where k photo is the photochemical production rate in m 2 mmol CH 3 I (kmol P) −1 W −1 s −1 . RAD represents either UV light as parameterized in the photolysis (see below) or the photosynthetically active radiation (PAR) given by HAMOCC. Both are implemented as there is no experimental evidence that CH 3 I production occurs preferentially under UV light (Richter and Wallace, 2004) . The term DOC gathers a large variety of different substances with very different properties of different origin as "dissolved" is an operational definition for material passing a 0.45 µm filter. DOC can be directly produced in the ocean or originate from terrigenous decomposed plant material. Marine processes that form DOC include mainly extracellular release by phytoplankton, grazer mediated release and excretion, release via cell lysis, solubilization of particles, and bacterial transformation and release (Carlson, 2002) . Relevant for CH 3 I production are the DOC's photochemical properties, i.e. its ability to release methyl radicals. Photochemical transformation thereby can change the bioavailability of DOC in both directions -i.e. can make it more recalcitrant or more bioavailable
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4213 (Sulzberger and Durisch-Kaiser, 2009 ). To cover DOC pools of different lability two types of experiments with photochemical production of CH 3 I are performed. In one group of experiments the semi-labile DOC (SLDOC) pool of pure marine origin as provided by HAMOCC is used as a source for methyl groups. In the second group of experiments the DOC concentration is set to a constant value of 40 µmol C kg −1 . This mimics an unlimited supply of DOC and enables us to assess whether the spatio-temporal behaviour of DOC affects CH 3 I production in the model. In the following this production pathway is referred to as photochemical production from refractory DOC (RDOC) as a very long life time of DOC would lead to almost uniform distribution in the ocean. Direct biological production of CH 3 I by phytoplankton is parameterized as follows:
Here, PHY is the phytoplankton concentration in kmol P m −3 and µ(T , N, PAR) is the actual growth rate of phytoplankton. The coefficient that specifies how much methyl iodide is produced during primary production is called k PP ratio [mmol CH 3 I (kmol P) −1 ]. This proportionality coefficient has been derived from two different laboratory studies: Moore et al. (1996) conducted incubation experiments with the phytoplankton species Nitzschia sp. and Smythe-Wright et al. (2006) incubated the cyanobacteria species Prochlorococcus marinus. Both measured an increase of methyl iodide concentration during the exponential growth phase of phytoplankton. In order to determine this coefficient, first the maximum specific growth rates ω in (d −1 ) of these two species have been extracted from the exponential growth phase. The observed change in cell abundance is a function of the actual (net) growth rate µ. Since the maximum specific growth rate is required (see also Hense and Quack, 2009 ), a respiration rate of 1 % d −1 is assumed. Solving the ordinary differential equation for the experiment explained above,
and rearranging it to solve for µ
the phytoplankton production within t is
with PHY 0 and PHY accounting for the cell counts at the beginning and the end of the exponential growth phase; t is the time interval and ω = µ + 0.01 d −1 . Then the corresponding change of methyl iodide concentration CH 3 I in the same time interval t is determined in order to calculate the ratio between methyl iodide production and primary production k PP :
The resulting values for k PP are 0.12 mmol CH 3 I (kmol P) −1 for Nitzschia sp. and 1488.00 mmol CH 3 I (kmol P) −1 for Prochlorococcus marinus, using typical cellular carbon contents for both species (Partensky et al. (1999) : 50 × 10 −15 g C cell −1 for Prochlorococcus marinus; 147 × 10 −12 g C cell −1 for Nitzschia sp.; see also Hense and Quack, 2009 ) as well as the conversion factors from weight to molar units and the molar Redfield ratio (P : C = 1 : 106). Under stress conditions the ratio between primary production and production of organic halogens significantly increases (Hughes et al., 2011) . As picocyanobacteria are very abundant in the oligotrophic ocean (Partensky et al., 1999) , and a large fraction of cells is in an unhealthy state (Agusti, 2004) , we take nutrient limitation N lim as a simple proxy for picocyanobacteria and for stress conditions to identify possible unhealthy cell states of phytoplankton:
where N is the nutrient concentration and k N the halfsaturation constant for nutrients. When enhanced production under nutrient limitation is simulated, k PP varies between a minimum value under nutrient-rich conditions (N lim =0.999 ) and a maximum value under extremely oligotrophic conditions (N lim =0.001):
with b = ln(
and
This non-linear approach was chosen to test the sensitivity versus minimum and maximum values of k PP which can span several orders of magnitude. A linear approach here would over-represent the high values. CH 3 I degradation includes nucleophilic substitution with chloride S Cl , hydrolysis S hyd , and photolysis S phot . Chloride substitution and hydrolysis are implemented as first-order processes with temperature-dependent decay rates: 
For chloride substitution a constant chloride ion sea water concentration of c Cl = 0.54 mol L −1 was adopted, which is a typical value when assuming a mean sea water salinity S = 35 and a chloride ion proportion of 55 % (following the law of constant proportions after Dittmar, 1884) . The reaction rate was derived by Elliott and Rowland (1993) :
with A = 7.78 × 10 13 L mol −1 s −1 , and B = 13 518 K; T is temperature in K. The reaction rates for hydrolysis were determined by Elliott and Rowland (1995) with A = 1.7 × 10 12 s −1 , and B = 13 300 K. Photolysis is implemented as proportional to UV attenuation (a uv = 0.33m −1 ), and irradiance (I) relative to its annual mean I ref :
The rate constant k uv [s −1 ] is estimated from atmospheric degradation rates (Rattigan et al., 1997) because reaction kinetics of methyl iodide photolysis in sea water are unknown.
In particular, the e-folding time (k uv ) −1 is set to 10 days assuming photo-dissociation of methyl iodide in water occurs at 50 % of the respective atmospheric rate. This approach was adopted from Carpenter and Liss (2000), who estimate kinetics of bromoform photolysis in water in a similar manner. Gas exchange is calculated from the two-film model assuming methyl iodide gas exchange is controlled by the water side due to its low water solubility. Hence, the flux is calculated from a time-invariant field of atmospheric concentrations, solubility (Henry's law constant), bulk surface water concentrations, the Schmidt number, and a transfer velocity.
The transfer velocity k w depends on wind speed and is calculated according to Nightingale et al. (2000) :
with u 10 denoting the wind speed at 10 m above the sea surface, and Sc CH 3 I the Schmidt number for methyl iodide. The Schmidt number has been estimated from that of methyl bromide and the ratio of their molar volumes, as it has been done previously (e.g. Moore and Groszko, 1999) :
with T temperature in • C (5-30 • C). The temperature dependence of the solubility was determined by Moore et al. (1995) :
with T temperature in K. 
Model setup
In order to receive a realistic simulation for a given oceanic region the model has to be configured for the conditions in a specific region. In this study, GOTM is configured for the Cape Verde region in the eastern tropical North Atlantic Ocean ( For numerical integration a so-called quasi-implicit numerical scheme for the turbulence model with a time step of 1 h is used. The coupled physical-biogeochemical model is forced by climatological monthly mean data of 2 m atmospheric air temperature, air pressure, dew point temperature, 10 m zonal and meridional wind velocities, cloud cover, and precipitation based on the 40 yr ECMWF Re-analysis (ERA40) data (Uppala et al., 2005) . The variables for water temperature and salinity are initialized with climatological profiles from the World Ocean Atlas (WOA01) (Conkright et al., 2002) . The NPZD model parameters were tuned to closer match conditions at Cape Verde (see Appendix and Table 1 ). For the calculation of the air-sea gas exchange a constant methyl iodide air concentration of 6.23 × 10 −8 mmol m −3 is assumed which corresponds to 1.5 ppt at 20 • C and is the mean of observed base-level air concentrations of methyl iodide at Cape Verde during May and June 2007 (O'Brien et al., 2009) . To account for lateral entry of higher-saline water, which is characteristic for the Cape Verde region, salinity and temperature values are restored towards climatological monthly means of WOCE (World Ocean Circulation Experiment; Global Data Resource) with a five day time scale, except for the upper 20 m of the water column. The dissolved inorganic nitrogen concentration is restored at the nutrient maximum to the observed value of 35.7 mmol N m −3 , and dissolved inorganic phosphate to an observed value of 2.23 mmol P m −3 with a time scale of one hour.
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To evaluate the simulated CH 3 I concentrations, model results are compared to observations from a ship cruise in the tropical northeast Atlantic close to Cape Verde -i.e. the Poseidon cruise P399/2 in April-June 2010 (Bange, 2011) Dissolved CH 3 I was measured in sea water sampled in 500 mL amber glass bottles from 10 different depths at CVOO and station 308. These samples were taken from 10 L Niskin bottles that were installed on a 12-bottle rosette with a CTD (conductivity temperature depth). A purge and trap system attached to a gas chromatograph with mass spectrometer (GC-MS) and detection in single ion mode were used to analyse the samples. Eighty millilitres of the sampled water was heated up to 70 • C while being purged with a stream of helium at 30 mL min −1 in a glass chamber. Volatilized trace gases were trapped on glass beads at −100 • C and were desorbed onto a deactivated capillary in liquid nitrogen as second trap at 100 • C after one hour of purging. The trace gases were injected into the GC-MS after three minutes. Volumetrically prepared standards in methanol were used for quantification. Precision of the measurements is estimated to be 16 %, determined from duplicates with a detection limit of 0.05 pmol L −1 for CH 3 I. Besides methyl iodide concentrations, phytoplankton pigments, temperature, and salinity profiles are available for the three stations. Phytoplankton pigments, i.e. total chlorophyll a concentrations, were converted into phytoplankton biomass by using a depthdependent C : Chl ratio and assuming a P : C ratio of 1 : 106. The C : Chl ratio was calculated as described in Hense and Beckmann (2008) using modelled radiation profiles as irradiation was not measured. Calculated surface C : Chl ratios are much higher (>100 g g −1 ) than subsurface (minimum 25 g g −1 ) ratios (not shown).
Model experiments
GOTM is run in several experiments including different combinations of the CH 3 I production processes (listed in Table 2). In the experiments E1 and E2 only direct production via phytoplankton growth is implemented and the production rates derived from laboratory studies by Moore et al. (1996) (E1) and Smythe-Wright et al. (2006) (E2) are tested. In experiment E3 the production rates by Moore et al. (1996) and Smythe-Wright et al. (2006) are used as the lower (k PP min ) and upper (k PP max ) boundaries of the variable biological production rate that mimics production by phytoplankton with consideration of stress. As the production rates for the pho- tochemical production pathways (from SLDOC or RDOC) are unknown, they are derived from a parameter optimization. Thereby the parameter (set) that leads to the minimum root mean square deviation (RMSD),
between modelled (m) and observed (o) (see Sect. 2.3) profiles and maxima is found using a gradient descent search. The step length, i.e. the incremental parameter change, is set to 10 % of the most successful parameter value of the previous iteration. Optimizing for both the overall RMSD and the deviation from the maximum ensures that when a subsurface maximum is simulated it will be of similar strength as in the observations, even when predicted at a different depth. Assuming that differences between CVOO and St. 308 are minor, no individual optimization for St. 308 was performed. The experiments Opt1-Opt4 include only one source process and the production rates are chosen by a parameter optimization. In the following, 1 denotes "normal" (not stressed) production by phytoplankton, 2 photochemical production through semi-labile DOC (SLDOC) degradation, 3 photochemical production through refractory DOC (RDOC) degradation, and 4 biological production with a variable production rate (i.e. with consideration of stress), where the lower and upper bounds are optimized. In the experiments Opt2 and Opt3, CH 3 I production mechanisms through both UV and PAR were tested. In the experiment Opt123, three production processes are considered (i.e. biological and photochemical production from semi-labile and refractory DOC), and the respective rates are derived from a parameter optimization with three simultaneously varying parameters. 
Results
Seasonal cycle of CH 3 I concentrations
In the experiments that include only biological production of CH 3 I (Opt1, E1, E2), maximum production takes place between 50 and 80 m depth, i.e. where phytoplankton growth is largest (Fig. 1a) . Consequently, a strong CH 3 I subsurface maximum builds up over the year, with highest concentrations in the summer season (May-September). In Opt2 and Opt3, photochemical production was modelled using either PAR or UV. Of these experiments only those that use PAR show a subsurface CH 3 I maximum (not shown). Location and cause of these maxima resulting from photochemical production are different from the experiments with biological production. Irrespective of the lability of the DOC pool considered, maximum CH 3 I production occurs in the sunlit surface layers (Fig. 1c, d ). The production is stronger in summer than in winter months, following the seasonal cycle of insolation. During times of deep mixing, i.e. in winter months, the CH 3 I concentration is homogenous over the upper 50 m. When the mixed layer shallows, a pronounced subsurface maximum evolves, which is first situated at approximately 50 m depth, but later follows the mixed layer shallowing up to approximately 30 m depth. In the uppermost model levels the dominant sink processes for CH 3 I are UV decay and gas exchange with the atmosphere. The subsurface maximum is not a result of a particularly strong local production (production always exceeds decay) but is caused by the stratification that shields the freshly produced CH 3 I from gas exchange. When photochemical production is parameterized using light that is efficiently absorbed in the surface layers (i.e. UV light identical to the parameterization of photolysis) CH 3 I production is restricted to the upper model levels and never takes place below the mixed layer. This inhibits the evolution of a subsurface maximum, and concentration maxima are always located in the mixed layer (not shown). Since subsurface maxima are observed, photochemical production by UV light seems unrealistic.
The experiments Opt2 and Opt3 show only minor differences, despite the different DOC pools considered as sources for available methyl groups. This is because the semi-labile DOC in HAMOCC shows a surface maximum throughout the year. Hence, the vertical distribution of CH 3 I production in both experiments is limited by light absorption leading to similar seasonal patterns.
In Opt4, when biological production is simulated and calculated from different production rates in oligotrophic water and the residual water column, the distribution of CH 3 I differs very much from that of "normal" biological production in e.g. Opt1 (Fig. 1d) . Concentration maxima occur from May to September and stretch within the upper 40 m of the water column. Production is highest at the surface because nutrient scarcity (caused by strong stratification of the water) leads to a high CH 3 I production: PP ratio k PP (Fig. 2) . At the surface k PP is 4-6 times higher than in Opt1 and is more than 100 times lower than in Opt1 subsurface where maximum primary production occurs (Fig. 2a) . The distribution of CH 3 I in Opt123 is almost identical to Opt2 and Opt3 because k PP is even smaller than in the experiment with the low biological production rate derived from laboratory experiments (E1, Table 2 ).
Evaluation of simulated CH 3 I concentrations
In the experiments E1 and E2 -i.e. when considering only biological production using the rates derived from laboratory studies (Table 2) evolve resulting from the balance between production, degradation and gas exchange with the atmosphere. In both experiments CH 3 I production is tied to primary production, that has its maximum subsurface. Nevertheless, as a result of a low k PP , production and therefore surface concentration are much too low in E1. This leads to an undersaturation of the ocean and a net influx of CH 3 I from the atmosphere throughout the year. In contrast, in E2 a pronounced subsurface maximum of CH 3 I develops that is too high. The observed maximum and mean concentrations are 5.66, 1.49 pmol L −1 at CVOO; and 3.34, 0.66 pmol L −1 at St. 308 (Table 3) . The model in turn predicts for the respective month maximum and mean concentrations of 0.11, 0.02 pmol L −1 in E1; 173.2, 60.67 pmol L −1 in E2 for CVOO; 0.14, 0.004 pmol L −1 in E1; and 187.65, 70.43 pmol L −1 in E2 for St. 308. Only the surface value of E1 matches the observations at St. 308 within a factor of 2. But, this apparent match is insignificant considering the large discrepancy (between observations and E1 model results) in subsurface concentrations. Thus, in both experiments unrealistic concentrations of CH 3 I occur. Mean and maximum values in the third experiment E3, which allows for a variable biological CH 3 I production rate using the parameters from laboratory studies as lower and upper bounds, match observed mean and maximum values much better (i.e. within a factor of 2) than the ones of E1 and E2. But, the vertical profile differs from the observed one: the strong production at the surface leads to concentrations that are much too high (100 times compared to CVOO, 6-fold compared to St. 308; see Table 3) . Next, the model runs with parameter optimization for "normal" biological production, photochemical production (from RDOC and SLDOC), biological production with a variable k PP , and combined biological and photochemical production were performed. For the experiment with mixed sources (Opt123) the optimization results in a very low biological production rate k PP (Table 2) , and consequently in a dominance of the photochemical production pathways. Therefore, the methyl iodide concentration evolves similarly to Opt2 and Opt3 (Fig. 1b, c) .
Results of the experiments using optimized parameter values compared to observations are depicted in a Taylor diagram (Fig. 3) . This shows the RMSD (Eq. 20) normalized to the observed mean concentration at CVOO and St. 308 (Fig. 3) , the standard deviation across the profile normalized to the profiles' mean concentration, and the correlation coefficient between modelled and observed profile. Of course, correlation and standard deviation are weak measures for the match between model and observations here due to the low data resolution. Nevertheless, they can give a hint on the similarity of the shapes of modelled and observed profiles. Unfortunately, the temporal evolution of CH 3 I concentration cannot be evaluated at all because there are no longterm CH 3 I data that would allow for assessing the seasonal cycle in the eastern tropical Atlantic. Observed methyl iodide concentrations show a subsurface maximum at around 40-50 m at both stations (Fig. 4) . Due to the parameter optimization, all of the experiments simulate CH 3 I concentrations that are close to the observed maximum and mean values at CVOO, and match observed profiles much better than E1-3 (see Table 3 ). At CVOO the maximum concentration and concentrations below the maximum are well represented in almost all experiments, except Opt4 (Fig. 4) . In the Taylor diagram, Opt2, Opt3, and Opt123 are clustered closely at approximately the same distance from the observations as their profiles are very much alike (Fig. 4) . According to the Taylor diagram (Fig. 3a) , Opt1 is closest to the observations as it is the only experiment that reproduces the observed vertical gradient with low surface and higher subsurface concentrations. This translates into a higher correlation coefficient and a lower RMSD. Surface concentrations of the experiments that are dominated by photochemical production (Opt2, Opt3, Opt123) are too high compared to observations (Fig. 4, Table 3 ). For Opt4, the optimization converged to values that are not very different from the values at E3 ( A further parameter optimization would bring simulated concentrations closer to observed ones, but would not bring any further insights into CH 3 I production. Also here (at St. 308) it is apparent that the experiment with CH 3 I production by phytoplankton (Opt1) is the only one that can reproduce the sharp subsurface gradient of the observations when all others show rather high surface concentrations compared to the subsurface maximum (Fig. 4, Table 3 ).
Emissions
In all experiments with optimized production rates the ocean acts as a source of CH 3 I to the atmosphere. Flux maxima for most experiments but Opt1 occur in spring (March-May, Fig. 5 ) due to high surface ocean concentrations during these times. In Opt1 highest emissions occur in winter (December, January, February), when both CH 3 I production at the surface (Fig. 1a ) and wind speed (Fig. 5 ) are high. The fluxes are of similar order of magnitude for all experiments (maxima at approximately 500 pmol m −2 h −1 ). The primary driver of direction and annual cycle of gas exchange is the concentration of CH 3 I in the surface layer of the model. Hence, the ultimate reason for the difference among the experiments is that biological production is at its maximum in the ocean interior (at ca. 60 m) in summer, and at the surface in winter, whereas photochemical production is highest in the sun-lit surface layers during spring and summer. When production is limited to photochemical production, the seasonal cycle of the gas exchange is less pronounced (Fig. 5) . This is because the temporal evolution of production is controlled by radiation, and hence strongest in summer, when low wind speeds lead to a lower transfer velocity. Other than by production and associated surface concentrations, the evolution of the fluxes is determined by wind speed and sea surface temperature. The low temporal resolution of wind speed (monthly means) via the transfer velocity shapes the month-to-month variation of the fluxes, which is characterized by an abrupt (non-smooth) transition from one month to the other (Fig. 5) . Within individual months, temperature, which determines the solubility, and surface concentration control the deviation from equilibrium between atmosphere and ocean, and hence the evolution of sea-air fluxes.
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The profiles of temperature, salinity, phytoplankton, and nutrients at CVOO and St. 308 during P399/2 are similar to observations in Meteorcruise M55 (Wallace and Bange, 2004) and the World Ocean Atlas (Conkright et al., 2002) ; hence the observed profiles at these stations do not represent unusual environmental conditions. Therefore our results can be transferred to areas of the eastern tropical Atlantic where advection plays a minor role.
CH 3 I production by phytoplankton
Modelling CH 3 I distributions at CVOO and St. 308 using biological production rates derived from laboratory experiments (E1, E2) was not successful. The production rate as suggested by Moore et al. (1996) appears to be too low to reproduce observed CH 3 I concentrations, whereas the production rate suggested by Smythe-Wright et al. (2006) seems to be too high. This does not imply that direct biological production of methyl iodide is unlikely. The parameter optimization for the cases where only biological production was included (Opt1) resulted in lowest RMSD values for a production rate in the order of magnitude of 10 −6 mmol CH 3 I (kmol P) −1 , and the overall shape of the vertical profiles was best reproduced. Hughes et al. (2011) suggested that the large discrepancies between the production rates from laboratory studies result from the different health conditions of the phytoplankton cells. As in nature the phytoplankton population can consist of mixed healthy and stressed cells (Agusti, 2004) , it is not unrealistic to expect a bulk CH 3 I production rate in between the two discussed. Here, we tested if enhanced production under oligotrophic conditions would result in a better representation of CH 3 I profiles close to Cape Verde. But, even after optimization of the parameter setup this experiment did not reproduce observed concentrations satisfactorily. The preliminary analysis of pigment measurements in the cruise report (Bange, 2011) indicates a high abundance of diatoms during P399/2, but also suggests the presence of Prochlorococcus, the plankton species that was shown to enhance CH 3 I release during stress. Unfortunately, nothing is known about the cell physiological state of phytoplankton during the cruise. Hence, either nutrient scarcity is not a good proxy for stressed phytoplankton cells that produce more CH 3 I than healthy ones and the chosen parameterisation of that factor is inadequate, or enhanced production by stressed cells is not relevant at these two stations. Since for both stations the same physical setup of GOTM is used, particularities of the two stations are not reflected by the model, e.g. if enhanced production by stressed picocyanobacteria would be more likely for St. 308 than for CVOO. In addition, the ecosystem model used is rather simple, and biological production of methyl iodide is described to be coupled to primary production of the bulk phytoplankton. Since Prochlorococcus is assumed to be the main producer of methyl iodide an explicit description of this phytoplankton group in the model might improve the overall representation of phytoplankton biomass and methyl iodide concentration. Yet, different ecotypes of Prochlorococcus exist (e.g. Johnson et al., 2006) and we cannot exclude that depth-dependent niche separation might also affect methyl iodide production and vertical distribution patterns of CH 3 I concentrations. However, since our simulated subsurface CH 3 I concentrations are in the same order of magnitude compared to observations (see Appendix A), we refrain from adding more complexity to the model system.
Another aspect in the evaluation of the simulated biologically produced CH 3 I profile is the vertical distribution. In the experiments that include biological production of CH 3 I using a constant production ratio, the depth of the maximum of primary production determines the depth of the maximum of CH 3 I concentrations. As presented in Appendix A, the modelled phytoplankton concentration was compared to observed chlorophyll a data. Both show a subsurface maximum and are in the same order of magnitude. The exact location of the biomass maximum during the cruise, however, cannot be unambiguously assessed as the phytoplankton concentration in model units has to be diagnosed from an empirically derived depth-dependent relationship between chlorophyll and carbon. There is no doubt that the C : Chl ratio varies with depth (with higher values at the surface than subsurface), but there is no mechanistic understanding about the co-variation of carbon and chlorophyll with depth. Therefore, a match or mismatch of the exact location of the CH 3 I maximum is not a good indicator for the model performance here.
Photochemical production of CH 3 I
The experiments that are dominated by photochemical production are very successful in representing the subsurface CH 3 I concentrations (below the maximum), and only the surface value is not represented by the model (Fig. 4) . In particular, the concentrations at CVOO are well reflected by the model. But, simulated methyl iodide concentrations were found to be sensitive to the absorption properties of light. A subsurface maximum is only simulated during times of a shallow mixed layer and when using light that is penetrating deep enough to allow for production below the mixed layer. UV light gets absorbed readily in the water column, whereas other wavelengths show significant intensities down to approximately 100 m (e.g. PAR). Thus far, the photochemical production pathway has not yet been fully understood. Wang et al. (2009) found positive correlations of CH 3 I concentrations with both PAR and UV light at 325 nm; Moore and Zafiriou (1994) detected methyl iodide production in laboratory studies when using light with a spectral distribution close to sunlight over the wavelength 280-1100 nm. Richter and Wallace (2004) on production. They did not discover any significant differences in CH 3 I production between the experiment with the full spectrum of light compared to the ones with reduced UV light. Photochemistry potentially impacts this production pathway twofold: on the one hand, the iodine atoms may originate from reaction of iodide with photochemically produced oxidants or photolysis of organic iodides, and on the other hand, the methyl radicals may originate from photolysis of humic material (Moore and Zafiriou, 1994) . As photochemical production of e.g. OH − from CDOM is more efficient for UV light (e.g. Loiselle et al., 2012) one could speculate about more significant differences in CH 3 I production if the impact of light would be studied for various water depths. But for now, there is no experimental evidence that CH 3 I production occurs preferentially under UV light. The sensitivity of the model results to the absorption characteristics suggest that further studies on the wavelength dependency of CH 3 I production would be valuable.
Mixed biological and photochemical CH 3 I sources
Similar to the experiments with photochemical CH 3 I production, the mixed-source experiment, Opt123, shows highest discrepancies between modelled and observed concentrations at the surface. As the optimization is set up to find the minimum RMSD for both maximum and mean along the profile, the discrepancy in the surface value is not weighted strongly enough to force the mixed-source parameter optimization towards a biological production. Hence, one cannot conclude from the mere fact that the optimization suppressed biological production that photochemical production is the main source process of CH 3 I here. As in oligotrophic waters, deep phytoplankton maxima regularly occur higher biologically mediated methyl iodide production at depth can hence not be excluded. Smythe-Wright et al. (2006) detected enhanced subsurface CH 3 I concentrations where Prochlorococcus were largely abundant. They found much higher CH 3 I concentrations during their cruise at Cape Verde compared to P399/2, although both cruises were conducted in the same season. In addition, Smythe-Wright et al. (2006) found elevated surface concentrations as well as associated high atmospheric levels. Thus, the variability might not be insignificant.
Gas exchange with the atmosphere
Gas exchange with the atmosphere depends on the deviations from equilibrium of marine and atmospheric methyl iodide concentrations, as well as on the wind-speed dependent transfer velocity. Saturation anomalies can be evaluated since they are derived frequently during ship cruises when atmospheric and oceanic CH 3 I concentrations are measured simultaneously. Smythe-Wright et al. (2006) diagnose concentration anomalies of 40 pmol L −1 in May from data collected in the eastern Atlantic close to 20 • N, resulting from very high CH 3 I concentrations in water. Concentrations measured during P399/2 and our simulations show much lower values. The concentration anomaly between water and air of approximately 5-10 pmol L −1 modelled here is closer to what was estimated by Happell and Wallace (1996) , Richter and Wallace (2004), or Chuck et al. (2005) . Clearly, as model results were optimized for certain sea water concentrations, a direct comparison to other measured data is only possible when these coincide with the ones at P399/2. Chuck et al. (2005) , for example, measured surface water concentration of approximately 5 pmol L −1 off Africa at 15-20 • N, which is much higher than concentrations measured during P399/2. Thus, the variability of methyl iodide concentrations both in surface ocean and lower atmosphere concentrations is not insignificant.
Generally, the strength of modelled sea-air fluxes does not vary much among the experiments, but its seasonal cycle does. Even though the large differences in intensity of gas exchange for experiments that include different dominating source processes seems to be an inherent feature of production, the sea-air flux cannot be used to argue for a certain source type. This is because in the model sea-air exchange is only diagnosed from a constant atmospheric concentration. Using a model that includes the full cycling of CH 3 I in both atmosphere and ocean would account for the variability of atmospheric CH 3 I concentrations. But, the simulated seasonal cycle is not expected to change much when a model of atmospheric CH 3 I cycling is added. This is because the saturation anomaly is mostly influenced by the oceanic values, due to the strong oversaturation of the ocean. Strong oversaturation has been found previously for both early summer month (May/June: O'Brien et al., 2009; Fuhlbrügge et al., 2012 and late fall (October/November: Butler et al., 2007) . Furthermore, the measured mixing ratios both in May/June and October/November over the open ocean close to Cape Verde were in the range of 1-2 ppt (Butler et al., 2007; O'Brien et al., 2009; Fuhlbrügge et al., 2012) . Hence, the expected seasonal variability of atmospheric concentrations will be much lower than the one of sea water concentrations (which show a factor of 6 between low summer and high winter values in the simulations). Here, monthly means were used to force the model at the atmospheric boundary (2 m temperature, wind speed, etc.). Usage of e.g. daily mean data would introduce higher temporal variability to the fluxes, but would not change the seasonal cycle, the magnitude of the mean fluxes or generate additional differences amongst the experiments.
High concentrations of methyl iodide in the surface ocean and lower atmosphere that have been observed occasionally in this region might also be the result of horizontal advection. Since we use a one-dimensional water column model, this non-local source cannot be represented by our model system. As a next step, we therefore aim to couple the biogeochemical module to a three-dimensional global ocean circulation model to account for horizontal and vertical advection.
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The coupled biogeochemical-water column model that includes a methyl iodide compartment is able to reproduce observed subsurface maxima of CH 3 I concentrations. However, our model results are not unequivocal. Subsurface maxima can occur due to direct biological and photochemical production. But, for the photochemical production pathway subsurface maxima strongly depend on the chosen light properties. Subsurface maxima can occur only if significant production occurs also below the mixed layer. This is not the case when only UV light is considered in the production mechanism. However, the gradient, i.e. the difference between surface and subsuface methyl iodide concentration, is best reproduced if direct biological production is taken into account. Although enhanced methyl iodide production is observed under stress conditions of picocyanobacteria, the parameterization of this process has not led to a model improvement at this particular site.
Overall, we conclude that the rates obtained from the laboratory experiments from Moore et al. (1996) are too low to explain the CH 3 I concentration in the tropical northeast Atlantic. In contrast, the CH 3 I production rates in this region cannot be as high as proposed by Smythe-Wright et al. (2006) at least not over longer times. The comparison of horizontal distribution patterns between simulated and observed CH 3 I concentrations may provide further insights into the source of CH 3 I.
Appendix A Evaluation of the physical and biological state of model
For all simulations the model was restored towards salinity and temperature profiles from the tropical northeast Atlantic (see Sect. 2.4). But, this does not guarantee that the simulated ocean state is representing conditions during the Poseidon cruise (P399/2), in particular as those might be different for the two stations (CVOO, St. 308). Therefore, simulated temperature, salinity, and phytoplankton profiles in April and June are compared to observations taken during P399/2. At the CVOO station and at St. 308 temperature and salinity profiles are similar to the observed ones (Fig. A1a,  b) . The greatest mismatch occurs in the surface layer, where no restoring takes place. There, salinity and temperature are strongly influenced by vertical exchange via turbulence, surface fluxes (momentum, heat, radiation), which are a function of the forcing used. The forcing taken from climatological mean data cannot fully represent local conditions during the cruise. But, the use of other data sets and forcing fields (e.g. 2010 data of the NCEP global ocean data assimilation system (GODAS): http://www.esrl.noaa.gov/psd/ data/gridded/data.godas.html, Behringer and Xue, 2004) has not improved the representation of observed profiles. Us- Observations were taken from the Poseidon cruise P399/2 in 2010. Simulated phytoplankton concentrations have been converted to chlorophyll using a vertically dependent C : Chl ratio (e.g. Hense and Beckmann, 2008) and the Redfield ratio for conversion from carbon to phosphorus.
age of the measured profiles would improve model results, but would introduce inconsistencies as in situ data would be treated as monthly means, and these data would have to be combined with other data as only observations for a limited time period in spring and summer are available. Modelled nutrient profiles (Fig. A2c, d ) at CVOO and St. 308 closely match observed ones.
Modelled and observed phytoplankton biomass profiles (Fig. A3a, b) show similarities, but also significant differences. Similar to observations, the model predicts a subsurface phytoplankton maximum, but location and extent differ among the two stations and also compared to model results. Phytoplankton biomass is calculated from a depthdependent C : Chl ratio. The ratio is derived from an empirical parameterization, which introduces uncertainties to the observations. Number (for model results), location, and strengths of subsurface maxima change when using biomass instead of chlorophyll as a measure for phytoplankton concentrations (compare Figs. A2 and A3) . A direct comparison of model results to measured phytoplankton pigments on the other hand is not possible as chlorophyll is not a prognostic variable of the model. Nevertheless, modelled and observation-based phytoplankton concentrations are in the same order of magnitude and show a similar vertical profile. Unfortunately, there is no information on primary production available for the cruise P399/2. However, previous measurements in this region show values in the range between 0.3 to 2.6 g C d −1 m −2 (summer and fall for the oligotrophic/mesotrophic region; see Morel et al., 1996) . Vertically integrated (0-100 m) daily primary production derived from our model ranges between 0.7 and 1.4 g C d −1 m −2 . Thus, our model matches previously observed values well.
